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Abstract 
The propagation of small long-wavelength sinusoidal disturbances 
superimposed 
experimentally. 
on fully developed turbulent flow • In pipe is investigated 
The facility included a 9.144m (30ft) smooth straight test 
section, a set of downstream orifices, a scotch yoke piston-cylinder, and two 
pressure transducers. The impedance of the pipe at different frequencies was 
estimated for a mean turbulent flow at Reynold's number 104• T-he resistance 
component of the impedance is seen to decrease markedly with increasing 
frequency. over the band tested, while the inertance remains roughly constant. 
,, 
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Chapter 1 
Experimental Concept 
The propagation of waves in a fluid-filled pipe is rather well understood if 
the perturbations are small, the critical wave lengths are long ( compared to the 
diameter) and the flow is laminar. The same can not be said if the flow is 
turbulent, however, since a complete theoretical model would have to include a 
model for the response of the coherent part of the turbulence to the 
perturbations. "Closure" models for the turbulence terms in the momentum 
equations are still a subject of fundamental investigation. 
The behavior of the pipe can be described in terms of series impedance, Z, 
and shunt admittance, Y: 
ap 
ax -Z(D)Q 
aq 
ax = -Y(D)p 
(1) 
(2) 
These equations are simplified somewhat to neglect tr-ansport (bias) effects . 
. .,, 
The dependent variables are the pressure, p, and vEilume flow, Q; the 
independent variables are the axial position, x, and the time, t, which is 
suppressed through use of the Heaviside operator D - d/dt. ·Considering the 
special case of sinusoidal perturbations for which D can be replaced by iw where 
w is frequence, Z and Y become 
Z(iw) 
Y{iw) 
R(w) + iwl(w) 
iwC 
(3) 
(4) 
Here- the fluid is assumed to have a constant compressibility, C, which is 
a good approximation for the liquids intended here (but is inadequate for gases 
2 
>' 
where heat transfer effects are significant). The resistance, R(w), and inertance, 
'-.: · .. ' 
·• 
', ..... 
I( w), are the principal parameters of interest. 
In laminar flow R( w) increases monotonously with frequency, approaching a 
limit asymptotically. In turbulent flow R( w) actually decreases over a wide 
frequency band before increasing, and the behavior of I( w) is less certain. 
The experirr1ental approach used by Brown et al [1,2,3] , Brewen [4] and 
Linney [5] to study R(w) and I(w) was based on wave propagation [7] delays 
between three pressure transducers placed at two equal distances from one 
another. The impeda11:ce was self-calibrated against the characteristic or surge 
impedance of the pipe. This method proved acceptable at high frequencies but 
is inherently inaccurate at low frequency and fails completely at zero frequency. 
For the present work a complementary approach was desired in order to 
concentrate on the lower frequencies. 
It was decided at the outset to use a calibrated flow restriction as the 
basic impedance against which the impedance in the pipe would be compared. 
Such a restriction, which in practice was implemented by three holes in a disk, 
has an easily calibratable resistance [6] at zero or low frequencies, assuming 
linearization for small perturbations in the flow compared with the mean flow. 
At high frequencies, on the other hand, the impedance becomes partly reactive 
and is not so well known. 
The basic experimental idea was given by professor F. T. Brown. The 
pressure perturbations p0 and pd measured at two axial locations (Figure 1) are 
converted to two complex numbers incorporating magnitude and phase . 
information in the usual way. Letting the complex number p1 represent a 
downstream-travelling wave and p2 represent an upstream-travelling wave, and . 
3 
.,. 
neglecting the Doppler bias which makes these waves propagate at slightly 
different velocities, we have: 
P1 -Z Y -1 L·C 
P2 -ZLYc+l 
p(L) = p u e "1LP1 +e-1LP2 
7 = a+ki 
(5.) 
(6) 
(7) 
(8) 
(9) 
(10) 
where the subscripts u and d refer to upstream and downstream locations 
of the pipe, respectively, which were separated by distance L. The wave number 
and the attenuation factor are k and a, respectively. From the above we 
deduce 
P, 
- . where: 
Zc 
cosh( ,L)+zainh( ,L) 
L 
.!_ = J.lwi+ R 
Y0 Cwi 
RL+ILwi 
, = VCwi(Iwi+R) 
(11) 
{12) 
{IS) 
(i4) 
where RL and IL represent the linearized resistance and inertance of orifice, · 
respectively. 
The left side of equation (11) is a complex number determined 
experimentally; we could use numerical method to solve equation (11) for R and 
., 
4 
"I 
,. 
---J 
/ 
I. We define the magnitude M and phase angle ¢, by 
Rep, = cosh(aL)cos(kL)+mcos(kL)sinh(aL) 
-nsin(kL)cosh( o:L) 
Imp, = sinh(a:L)sin(kL)+ncos(kL)sinh(o:L) 
+msin(kL)cosh( o:L) 
M = V(Re(p,)) 2+(/m(p,)) 2 
/m(p) 
-1 r 
¢, = tan Re(pr) 
where: 
RCw 
0: -
Cw(VI2w2+R2+Iw) k. - ( )0.5 
2 
R 
wV2IC(V1+(R/ Iw) 2-1) 
m -
(ReZ0 )RL+wIL(lmZ0 ) 
RL2+w21L2 
5 
(15) 
(16) 
(17) 
(18) 
(19) 
(20) 
(21) 
{22) 
-- . __ .;,::) 
(23) 
(24) 
,. 
n 
(lmZ0 )RL-wl L(ReZc) 
R 2+w2I 2 L L 
pl 
C 
/3 
3d 
l = W+-
8 
p: density of water 
A0: area of orifice 
W: thickness of orifice plate 
d: diameter of each orifice 
cd: an experimental value 0.862 ± 0.004 
(25) 
(26) 
(27) 
(28) 
(29) 
Experimental results were given in terms of the dimensionless frequency O, 
Reynolds number R , resistance R *, inertance 1*, attenuation number A and e 
phase velocity V, respectively, as follows : 
6 
.. • l 
0 
II 
(SO) 
2Q 
R -
e 
(Sl) 
R* 
R1ra4 (S2) 
2µ 
... . /J 
1* 
]1ra2 (SS) 
p 
A (S4) 
V A p 
V 
R* C 
(S5) 
-
C - J/3 -
p 
(S6) 
where a is the radius of the pipe, µ is the dynamic viscosity and II is the 
kinematic viscosity which was assumed (for water) 
11 = (2.5077-0.0S066F+0.00012482.P) x9.290304x 10-3 cm2 / ,ec (S7) 
in which F is the temperature in ° Fahrenheit. 
7 
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Chapter 2 
Experimental Apparatus And Procedures 
A schematic of the basic experimental apparatus is shown in Fig 6. T
he 
test section was a 9.144m (30ft) length of 4.6355 ± 0.0127 mm I.D. (0.1825 ± 
0.0005 inch) thick wall straight copper pipe. The pipe rested on styrofoam 
blocks inturn supported by a large plastic half-circle pipe hung from
 a large 
fixed pipe by ten equally spaced hooks ( see Fig. 7). 
The transducer blocks served three purposes, the first of which was
 to 
provide a connection between the transducers and the pipe {see Figs. 2 and 4). 
The second purpose was to join smoothly three sections of pipe (see Figs. 2 and 
3) of length 609.6 mm (2 ft), 3084 mm (10 ft) and 6096 mm (20 ft); the third 
(see Figs. 4 and 5) to connect the downstream end of pipe to the orifice plate. 
The transducer blocks were designed to permit the complete purging o
f any air 
. pockets. The presence of even a minute air bubble can give erroneou
s data. 
The anciallary equipment"°' (pressure tank, scotch yoke drive, and sump) 
were originally used by Brown and Linney [ 1], and ·described in detail in their 
paper. The orifice plate had three orifice holes ( see Fig. 5) . The three water // 
jets, coming out from these orifices, was deflected by a bent pipe to the sump. 
A flow straighter and a 609.6mm (2 ft) length of pipe was located upstream of · 
test section to prevent any swirl in the fluid and to give a fully 
developed 
velocity profile. A deionizer was connected with the return line to deio
nize and 
filter the water. 
A Digital · Equipment Uorporation, Model MNC (PDP-11-03) minicomputer 
with 12-bit A/D Converter, Multiplexer Programmable Quartz Clock was used 
to collect, store and reduce the data. Kulite model XTM
-190-SOG 
·' 
-semiconductor pressure transducers were located at both end of the test section 
as indicated in Fig. 1. The signals from the transducers were transmitted 
through low-noise shielde~ cables to amplifiers which gave an ouput in the range 
± 2 volts. These were inserted into the minicomputer which coverted the range 
± 5 volts into 12-bit numbers. A dual-trace oscilliscope monitored the inputs 
to the computer, aiding the adjustments of the amplitude of the excitation, and 
permitting judgment of the signal quality. Only the magnitude and the phase 
of the pressure ratio between the two transducers must be known to determine 
the resistance and inertance of the pipe. 
The magnitude calibration was performed by using a rubber plate to plug 
the exit end of the pipe, setting sixty different pressure readings from zero to 
five atm, and letting the minicomputer take two sets of data, one for each 
amplified transducer output. In this steady state case, with no fluid flow out, 
we assumed that the pressure within the whole test section was the same. For 
each pressure setting we took 512 data points from each tran~ucer, averaged 
them, and compared with the pressure gage reading (Figs. 6 and 8). 
The supply pressure had to be set to give the desired Reynold's number of 
104• We tested the system without scotch yoke driver with different supply 
pressures, took the transducer data and interpreted it as pressures, measured the 
flow rate by carefully timing the filling of a bucket of known volume and then 
.. , 
calculated the friction factor of the pipe (f) and the discharge coefficient (cd) of 
the orifices. These numbers were used subsequently to calculate the correct 
supply pressure as a function of the fluid temperature, as plotted in Fig 9. 
The temperature was measured from samples taken upstream of the test section. 
The flow was then set manually to give the proper pressure on the '' pressure 
9 
gage " identified in Fig 6. 
Prandtl [8] gives for the friction factor 
1 
VJ 
(S8) 
which gives f 0.03089 for Re == 104• The experimental data agreed with 
this value if the inner diameter of the pipe is 4.6355 ± 0.0127 mm. This is 
within the accuracy we could measure for the diameter, and hence the value 
f == 0.03089 was assumed to be correct. The corresponding value of the flow 
coefficient is cd == 0.862, which appears reasonable considering the shape of the 
orifices. 
It is very important to degas the water before each run. A vacuum pump 
attached to the top of the tank (Fig. 6) was oper.ated for thirty minutes before 
the tank was allowed to fill. Then valve 1 was opened slightly and valve 6 
~ opened fully, letting water flow from the sump through the deionizer and spray 
into the pressure tank. When the water level in the sump approached the 
bottom, valve 1 was closed and the vacuum pump was operated for at least 
thirty minutes more. 
Prior to the data taking, the vessel was pressurized to approximatly two 
atmospheres with clean compressed air. Valves 2 and 3 were opened to allow 
water to flush the whole pipe. During this flushing, the transducers were 
unscrewed a few turns to remove the entrained air and then screwed tightly. A 
water sample was then drawn from a tap (not shown) of the bottom of the 
tank, and its __ t~mperature meassured with a glass thermometer. Following this, 
the vessel was pressurized to the required pressure setting according to the 
measured temperature, using Fig. 9. The downstream pressure- amplitude was 
limited to 10% of the mean pressure by adjusting a combination of valve 2, the 
10 
air pressure regulator and the stroke of scotch yoke piston-cyclinder. 
The stroke and piston combinations of the scotch yoke driver were 
generally selected to give the largest signal-to-noise ratio before piston cavitation 
occurred. The larger piston (9.53 mm diameter) was used during low frequency 
operation ( 0 - 4 Hz) and the smaller one for high frequency ( 4 - 16 Hz). 
The 512-point digital sweep, which included ten cycles of propagation, was 
collected and processed by using a Fast Fourier Transform (FFT) algorithm. 
The computer did not read both channels simullaneously. To correct for the 
delay, three sets of 512-point were taken and averaged, then the channels were 
exchanged and three more sets of 512-points were taken and process similary. 
The resulting two sets of results included amplitude and phase of the pressure 
ratio. Only the first amplitude ratio was used for fear that the A/D converter 
might effect the amplitude calibration. The proper phase difference , however, 
was found by substracting one phase result from the other and dividing by two. 
The resulting phase lag and amplitude ratio were used to calculate the 
resistance and inertance of the pipe by implementing equations given in Chapter 
1 with a computer program, including the IMSL subroutine ZSCNT. 
11 
Chapter 3 
Results and Conclusions 
The pressure ratio data, M and <f,, were interpreted to give the associated 
resistance and inertance by using equation (11). The results are shown in Figs. 
"· 10 and 11. These results show that the inertance of the pipe is roughtly 
constant but that the resistance tends to decrease as frequency is increased. 
The least squares method gives the analytical models 
(39} 
(40} 
where the relationship between resistance and frequency was assumed to be a 
parabola and between inertance and frequency was assumed to be a straight 
line. 
The above equat.ions were used as our analytic models. Equations (34) 
and (35) were used to reduce both the data and the analytical average above to 
give the results of Figs. 12 and 13. According to Fig. 12, the nondimensional 
. 
attenuation increases sharply from zero to thirty-five while O increased from 
zero to about 150 and decreases monotonically for higher 0. Comparing this 
, f 
result with the attenuation data , apartus #4, of Ref [1], we found they were 
very similar, both approaching the maximal value of about thirty-five and 
decreasing monotonously after this maximun point. (Ref [1] also indicates a 
recovery of the attenuation at higher frequencies than those examined in the 
current study.) 
The principal difference between these two sets of data is, as expected, the 
earlier has less scatter at the higher frequencies while the present data has less 
12 
'< 
, ' 
.\ 
... 
scatter at the lower frequencies. The phase velocity results (Fig. 13 here and 
J 
Fig. 11 of Ref[l]) also are very similar. 
The results reported above support the concept that a lag in the 
I 
turbulence level following a change in the flow tends to make the wall shear 
become partly reactive (as opposed to resistive). Thus part of what would 
otherwise be resistance gets converted to negative reactance (or inertance), 
explaining the dip in the resistance with increasing frequency. 
The scatter in the present data is nevertheless too great to warrant much 
reliance in the analytical averges above. It is hoped, however, that minor 
changes in procedure can considerably reduce this scatter. Perhaps most 
important would be use of low-pass filters for the two signals, which are quite 
noisy due to the turbulence. Care must be taken that the filters affect the two 
magnitudes and particularly the phases equally at the excitation frequency . 
. .
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